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METHOD AND APPARATUS FOR
CONVERTING FROM AN ANALYTICAL

CURVE ROAD GEOMETRY TO A
CLOTHOID ROAD GEOMETRY

TECHNOLOGICAL FIELD

An example embodiment of the present invention relates
generally to the representation of a road network, such as for
use by a map display or advanced driver assistance systems
(ADAS) and, more particularly, to a method and apparatus
for converting from an analytical curve road geometry to a
clothoid road geometry.

BACKGROUND

ADAS was developed to improve the comiort, efliciency,
safety and overall satisfaction of driving. Examples of these
advanced driver assistance systems include adaptive head-
light aiming, adaptive cruise control, lane departure warning
and control, curve warning, speed limit notification, hazard
warning, predictive cruise control, adaptive shift control, as
well as others. Some of these advanced driver assistance
systems use a variety of sensor mechanisms in the vehicle to
determine the current state of the vehicle and the current
state of the roadway in front of the vehicle. These sensor
mechanisms may include radar, infrared, ultrasonic and
vision-oriented sensors, such as digital video cameras and
light detection and ranging (LIDAR) systems.

Some advanced driver assistance systems also use digital
map data. These systems are sometimes referred to as
map-enhanced ADAS. The digital map data can be used in
advanced driver assistance systems to provide mnformation
about the road network, road geometry, road conditions and
other items associated with the road and terrain around the
vehicle. Unlike some sensors, the digital map data 1s not
allected by environmental conditions, such as fog, rain, or
snow. In addition, the digital map data can provide useful
information that cannot reliably be provided by sensors,
such as curvature, grade, bank, speed limits that are not
indicated by signage, lane restrictions, and so on. Further,
digital map data can provide a predictive capability well
beyond the range of sensors or even beyond the driver’s
vision to determine the road ahead of the vehicle, around
corners, over hills or beyond obstructions. Accordingly, the
digital map data can be a useful addition for some advanced
driver assistance systems.

The map-enhanced advanced driver assistance systems
commonly use data from a geographic database associated
with a navigation system in a vehicle. The navigation system
database contains data that represents the road network 1n
the region, such as the locations (geographic coordinates,
including altitude) of roads and intersections, road names,
speed limits along roads, turn restrictions at intersections,
addresses or address ranges along roads, the number of lanes
for each road, lane width, lane markings, functional classes
of roads, the locations of medians, and so on. The navigation
system database may also contain information about other
geographic features, such as bodies of water, parks, admin-
istrative areas (including municipal, state, and country
boundaries), and locations of points of interest, such as
businesses, hospitals, police stations, and so on.

The digital map data that 1s utilized by map-enhanced
ADAS generally represents a road network with a link
geometry including a plurality of polylines. Although a
polyline link geometry may be useful with respect to a map
system, some ADAS may be developed that prefer the data
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representative of a road network to be provided in another
form, such as a clothoid road geometry. In this regard,
clothoids are utilized in conjunction with road design and a
clothoid-based road geometry may be utilized for map
displays and to support ADAS capabilities. However, many
challenges exist 1 regards to creating a clothoid road
geometry from the polyline link road geometries currently
utilized by map displays and ADAS.

BRIEF SUMMARY

A method, apparatus and computer program product are
provided in order to convert a representation of a road
geometry in the form of an analytical curve to a clothoid
road geometry, such as to represent two dimensional or three
dimensional road geometries. By converting the analytical
curve geometry to a clothoid road geometry 1n an eflicient
and accurate manner, the resulting clothoid road geometry
may be utilized for a map display and to support ADAS
capabilities.

In an example embodiment, a method 1s provided that
includes determining a plurality of break-point locations
along an analytical curve that represents a portion of the road
network. The method determines the plurality of break-
points locations by determining the plurality of break-point
locations depending upon a curvature profile of the analyti-
cal curve so as to define one more sections of the analytical
curve based upon the break-point locations. The method of
this example embodiment also includes converting one of
more sections of the analytical curve to respective clothoids.

The method of an example embodiment converts one of
more sections ol an analytical curve to respective clothoids
by determining, for a section of the analytical curve having
a start break-point and end break-point, coordinates 1in
accordance of the analytical curve at the start break-point
and the end break-point. The method of this example
embodiment also converts one of more sections of the
analytical curve to respective clothoids by determining one
of the tangent headings or the curvatures of the analytical
curve at the start break-point and the end break-point. The
method of this example embodiment further converts one or
more sections of the analytical curve to respective clothoids
by determining respective clothoids based upon the coordi-
nates and one of the tangent headings or the curvatures of the
analytical curve at the start break-point and the end-break
point.

The method of an example embodiment also includes
determining the curvature profile defining a curvature the
analytical curve at a respect arc length and i1dentifying one
Or more zero-crossings in the curvature profile so as to define
curves therebetween. The method of an example embodi-
ment also includes determining whether the subtended angu-
lar arc of a curve of the curvature profile 1s within a
predefined threshold of the chord of the curve and i1denti-
tying the curve to be straight 1n an instance in which the
subtended angular arc of the curve 1s within the predefined
threshold of the chord of the curve. The method of an
example embodiment also includes 1dentifying one or more
kinks 1n a curve and splitting a curve 1nto two or more curves
sections at the kinks. The method of an embodiment also
includes 1identifying a curve to be multi-modal and splitting
the multi-modal curve into two or more curve sections. The
method of an example embodiment also 1ncludes approxi-
mating the curvature profile of the curve with a plurality of
polylines. In this example embodiment, the method deter-
mines the plurality of break-point locations by determining
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the break-point locations based upon vertices and zero-
crossings of the plurality of polylines.

In another example embodiment, an apparatus 1s provided
that includes at least one processor and at least one memory
including computer program code with the at least one
memory and the computer program code configured to, with
a processor, cause the apparatus to at least determine a
plurality of break-point locations along an analytical curve
that represents a portion of the road network. The at least one
memory and the computer program code are configured to,
with the processor, cause the apparatus to determine the
plurality of break-point locations dependent upon a curva-
ture profile of the analytical curve so as to define one or more
sections of the analytical curve based upon the break-point
locations. The at least one memory and the computer pro-
gram code are also configured to, with the processor, cause
the apparatus of this example embodiment to convert one or
more sections of the analytical curve to respective clothoids.

The at least one memory and the computer program code
are configured to, with the processor, cause the apparatus of
an example embodiment to convert one of more sections of
the analytical curve to respective clothoids by determining,
for a section of the analytical curve having a start break-
point and an end break-point, coordinates of the analytical
curve at the start break-point and the end break-point. The at
least one memory and the computer program code are also
configured to, with the processor, cause the apparatus of this
example embodiment to convert one or more sections of the
analytical curve to respective clothoids by determining one
of the tangent headings or the curvatures of the analytical
curve at the start break-point and the end break-point. The at
least one memory and the computer program code are
turther configured to, with the processor, cause the apparatus
of this example embodiment to convert one or more sections
of the analytical curve into respective clothoids by deter-
mimng the respective clothoids based upon the coordinates
and one of the tangent headings or the curvatures of the
analytical curve at the start break-point and the end break-
point.

The at least one memory and the computer program code
are further configured to, with the processor, cause the
apparatus of an example embodiment to determine the
curvature profile defining a curvature of the analytical curve
at a respective arc length and to identify one or more
zero-crossings in the curvature profile so as to define curves
therebetween. The at least one memory and the computer
program code are also configured to, with the processor,
cause the apparatus of an example embodiment to determine
whether a subtended angular arc of the curve of the curva-
ture profile 1s within a predefined threshold of a chord of the
curve and to 1dentity the curve to be straight 1n an 1nstance
in which the subtended angular arc of the curve 1s within the
predefined threshold of the chord of the curve. The at least
one memory and the computer program code are also
configured to, with the processor, cause the apparatus of an
example embodiment to identily one or more kinks 1n a
curve and to split the curve 1into two or more curves sections
at the kink. The at least one memory and the computer
program code are also configured to, with the processor,
cause the apparatus of an example embodiment to identify a
curve to be a multi-modal and to split the multi-modal curve
into two or more curve sections. The at least one memory
and the computer program code are also configured to, with
the processor, cause the apparatus of an example embodi-
ment to approximate the curvature profile of a curve with a
plurality of polylines. The at least one memory and the
computer program code are also configured to, with the
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processor, cause the apparatus of this example embodiment
to determine the plurality of break-point locations by deter-
mining the break-point locations based upon vertices and
zero-crossings of the plurality of polylines.

In a further example embodiment, a computer program
product 1s provided that includes at least one non-transitory
computer-readable storage medium having computer-ex-
ecutable program code portions stored therein with the
computer-executable program code portions including pro-
gram code instructions configured to determine a plurality of
break-point locations along an analytical curve that repre-
sents a portion of a road network. The program code portions
that are configured to determine the plurality of break-point
locations include program code instructions configured to
determine the plurality of break-point locations dependent
upon a curvature profile of the analytical curve so as to
define one or more sections of the analytical curve based
upon the break-point locations. The computer-executable
program code portions of this example embodiment also
include program code 1nstructions configured to convert one
or more sections of the analytical curve to respective
clothoids.

The program code instructions configured to convert one
or more sections of the analytical curve to respective
clothoids 1include, 1n an example embodiment, program code
instructions configured to determine, for a section of the
analytical curve having a start break-point and an end
break-point, coordinates of the analytical curve at the start
break-point and the end break-point. The program code
instructions configured to convert one or more sections of
the analytical curve to respective clothoids also include, n
this example embodiment, program code 1nstructions con-
figured to determine one of the tangent headings or the
curvatures of the analytical curve at the start break-point and
the end break-point. In this example embodiment, the pro-
gram code 1nstructions configured to convert one or more
sections of the analytical curve to respective clothoids
further include program code instructions configured to
determine the respective clothoid based upon the coordi-
nates and the tangent headings or the curvatures of the
analytical curve at the start break-point and the end break-
point.

The computer-executable program code portions of
another example embodiment also include program code
instructions configured to determine the curvature profile
defining a curvature of the analytical curve at a respective
arc length and to identily one or more zero-crossings in the
curvature profile so as to define curves therebetween. In this
example embodiment, the computer-executable program
code portions further include program code instructions
configured to approximate the curvature profile of a curve
with a plurality of polylines. In this example embodiment,
the program code instructions configured to determine a
plurality of break-point locations include program code
instructions configured to determine the break-point loca-
tions based upon vertices and the zero-crossings of the
plurality of polylines.

In yet another example embodiment, an apparatus 1s
provided that includes means for determining a plurality of
break-point locations along an analytical curve that repre-
sents a portion of a road network. In this example embodi-
ment, the means for determining a plurality of break-point
locations includes means for determining the plurality of
break-point locations dependent upon a curvature profile of
the analytical curve so as to define one or more sections of
the analytical curve based upon the break-point locations.
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The apparatus of this example embodiment also includes
means for converting one or more sections of the analytical
curve to respective clothoids.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent application file contains at least one drawing
executed 1n color. Copies of this patent application with
color drawings will be provided by the Office upon request
and payment of the necessary fee.

Having thus described certain example embodiments of
the present invention 1n general terms, reference will here-
inafter be made to the accompanying drawings which are not
necessarily drawn to scale, and wherein:

FIG. 1 1s a block diagram of an apparatus that may be
specifically configured 1n accordance with an example
embodiment of the present invention;

FIG. 2 1s a block diagram illustrating a plurality of
applications that a processor of the apparatus of FIG. 1 1s
configured to execute in accordance with an example
embodiment of the present ivention;

FIG. 3 1s a block diagram of a road segment data record
from a geographic database, such as provided by the appa-
ratus of FIG. 1, according to an example embodiment of the
present mvention;

FIG. 4 1s a block diagram of data attributes for the road
segment data record of FIG. 3 in accordance with an
example embodiment of the present invention;

FIG. § 1s a flowchart illustrating operations performed,
such as by the apparatus of FIG. 1, 1n accordance with an
example embodiment of the present invention;

FIG. 6 1s a representation of an analytical curve and the
clothoid curve parameters derived therefrom 1n accordance
with an example embodiment of the present invention;

FIGS. 7a and 7b are tflowcharts illustrating operations
performed, such as by the apparatus of FIG. 1, in accordance
with an example embodiment of the present invention;

FIG. 8 1s a representation of an analytical curve that

represents a portion of a road network;

FIG. 9 1s a representation of a curvature profile of the
analytical curve of FIG. 8;

FIG. 10 15 a graphical representation of the zero-crossings
of a curvature profile as determined in accordance with an
example embodiment of the present invention;

FIG. 11 1s a graphical representation of a multi-modal
curve comprised of two or more curve sections 11 accor-
dance with an example embodiment of the present inven-
tion;

FIG. 12 1s a graphical representation of the manner in
which a curvature profile of a plurality of curve sections 1s
approximated with polylines 1n accordance with an example
embodiment of the present invention;

FIG. 13 1s a graphical representation of the approximation
of the curvature profile of the curve sections with polylines
as shown 1n FIG. 12 following filtering of a break-point 1n
accordance with an example embodiment of the present
invention;

FIG. 14 1s a graphical representation of the curvature
profile of FIG. 9 following its approximation in accordance
with an example embodiment of the present invention; and

FI1G. 15 1llustrates the break-points along an approxima-
tion of the curvature profile and along the underlying splines
in accordance with an example embodiment of the present
invention.

DETAILED DESCRIPTION

Some embodiments of the present invention will now be
described more fully hereinafter with reference to the
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accompanying drawings, in which some, but not all,
embodiments of the invention are shown. Indeed, various
embodiments of the mvention may be embodied in many
different forms and should not be construed as limited to the
embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will satisiy applicable legal
requirements. Like reference numerals refer to like elements
throughout. As used herein, the terms “data,” “content,”
“information,” and similar terms may be used interchange-
ably to refer to data capable of being transmitted, received
and/or stored 1n accordance with embodiments of the present
invention. Thus, use of any such terms should not be taken
to limit the spirit and scope of embodiments of the present
ivention.

Additionally, as used herein, the term ‘circuitry’ refers to
(a) hardware-only circuit implementations (e.g., implemen-
tations 1n analog circuitry and/or digital circuitry); (b) com-
binations of circuits and computer program product(s) com-
prising soltware and/or firmware nstructions stored on one
or more computer readable memories that work together to
cause an apparatus to perform one or more functions
described herein; and (c) circuits, such as, for example, a
microprocessor(s) or a portion of a microprocessor(s), that
require software or firmware for operation even 1f the
software or firmware 1s not physically present. This defini-
tion of ‘circuitry’ applies to all uses of this term herein,
including 1 any claims. As a further example, as used
herein, the term ‘circuitry’ also includes an implementation
comprising one or more processors and/or portion(s) thereof
and accompanying soltware and/or firmware. As another
example, the term ‘circuitry’ as used herein also includes, for
example, a baseband integrated circuit or applications pro-
cessor 1tegrated circuit for a mobile phone or a similar
integrated circuit in a server, a cellular network device, other
network device, and/or other computing device.

As defined heremn, a “computer-readable storage
medium,” which refers to a physical storage medium (e.g.,
volatile or non-volatile memory device), may be differenti-
ated from a “computer-readable transmission medium,”
which refers to an electromagnetic signal.

A method, apparatus and computer program product are
provided in accordance with an example embodiment in
order to convert one or more sections of an analytical curve
that represents a portion of a road network to respective
clothoids. Once the road geometry 1s converted to a clothoid
representation, the clothoid representation may be utilized
for mapping, such as by a map display, and/or to support
ADAS capabilities. By way of example, FIG. 1 1s a block
diagram of map-enhanced ADAS architecture 100. In this
example, the map-enhanced ADAS architecture includes
driver assistance applications 114 and an apparatus that
embodies a map and positioning engine (MPE) 116. The
MPE 1s shown in FIG. 1 as a standalone module; however,
it 1s understood that the MPE may be distributed into
multiple packages and/or itegrated into other device pack-
ages, such as a sensor package. The MPE includes a pro-
cessor 102, a positioning system 104, a memory 105, a
geographic database 106, a communications system 108,
and an m-vehicle data bus interface 110. The MPE may also
include other hardware, software, and/or firmware, such as
a power source.

The processor 102 receives mputs from the positioning
system 104, the geographic database 106, the communica-
tion system 108, the in-vehicle data bus interface 110, and
other sources. The processor then processes the inputs using
application software programs 200, some of which are
described with reference to FIG. 2. In some embodiments,
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the processor 102 (and/or co-processors or any other pro-
cessing circuitry assisting or otherwise associated with the
processor) may be in communication with the memory
device 105 via a bus for passing information among com-
ponents of the apparatus. The memory device may be
non-transitory and may include, for example, one or more
volatile and/or non-volatile memories. In other words, for
example, the memory device may be an electronic storage
device (for example, a computer readable storage medium)
comprising gates configured to store data (for example, bits)
that may be retrievable by a machine (for example, a
computing device like the processor). The memory device
may be configured to store information, data, content, appli-
cations, instructions, or the like for enabling the apparatus to
carry out various functions in accordance with an example
embodiment of the present invention. For example, the
memory device could be configured to bufler input data for
processing by the processor. Additionally or alternatively,
the memory device could be configured to store mstructions
for execution by the processor.

The apparatus may be embodied by a computing device.
However, in some embodiments, the apparatus may be
embodied as a chip or chip set. In other words, the apparatus
may comprise one or more physical packages (for example,
chips) including materials, components and/or wires on a
structural assembly (for example, a circuit board). The
structural assembly may provide physical strength, conser-
vation of size, and/or limitation of electrical interaction for
component circuitry included thereon. The apparatus may
therefore, 1 some cases, be configured to implement an
embodiment of the present invention on a single chip or as
a single “system on a chip.” As such, 1n some cases, a chip
or chipset may constitute means for performing one or more
operations for providing the functionalities described herein.

The processor 102 may be embodied 1n a number of
different ways. For example, the processor may be embodied
as one or more ol various hardware processing means such
as a coprocessor, a microprocessor, a controller, a digital
signal processor (DSP), a processing element with or with-
out an accompanying DSP, or various other processing
circuitry including integrated circuits such as, for example,
an ASIC (application specific integrated circuit), an FPGA
(field programmable gate array), a microcontroller unit
(MCU), a hardware accelerator, a special-purpose computer
chip, or the like. As such, in some embodiments, the
processor may include one or more processing cores con-
figured to perform independently. A multi-core processor
may enable multiprocessing within a single physical pack-
age. Additionally or alternatively, the processor may include
one or more processors configured 1n tandem via the bus to
enable independent execution of instructions, pipelining
and/or multithreading.

In an example embodiment, the processor 102 may be
configured to execute instructions stored in the memory
device 105 or otherwise accessible to the processor. Alter-
natively or additionally, the processor may be configured to
execute hard coded functionality. As such, whether config-
ured by hardware or software methods, or by a combination
thereol, the processor may represent an entity (for example,
physically embodied 1n circuitry) capable of performing
operations according to an embodiment of the present inven-
tion while configured accordingly. Thus, for example, when
the processor 1s embodied as an ASIC, FPGA or the like, the
processor may be specifically configured hardware for con-
ducting the operations described herein. Alternatively, as
another example, when the processor 1s embodied as an
executor of software instructions, the mnstructions may spe-
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cifically configure the processor to perform the algorithms
and/or operations described herein when the instructions are
executed. However, 1n some cases, the processor may be a
processor ol a specific device (for example, the computing
device) configured to employ an embodiment of the present
invention by further configuration of the processor by
instructions for performing the algorithms and/or operations
described herein. The processor may include, among other
things, a clock, an arnthmetic logic unit (ALU) and logic
gates configured to support operation of the processor.

The communication system 108 may be any means such
as a device or circuitry embodied 1n either hardware or a
combination of hardware and software that 1s configured to
receive and/or transmit data from/to other electronic devices
in communication with the apparatus, such as by being
configured to receive data from an in-vehicle global posi-
tioning system (GPS), in-vehicle navigation system, a per-
sonal navigation device (PND), a portable navigation device
or other in-vehicle data collection system. In this regard, the
communication system may 1include, for example, an
antenna (or multiple antennas) and supporting hardware
and/or software for enabling communications with a wire-
less communication network. Additionally or alternatively,
the communication system may include the circuitry for
interacting with the antenna(s) to cause transmission of
signals via the antenna(s) or to handle receipt of signals
received via the antenna(s). In some environments, the
communication system may alternatively or also support
wired communication.

The processor 102 of the illustrated embodiment 1s con-
figured to provide outputs to the driver assistance applica-
tions 114 via the 1n-vehicle data bus interface 110 and a data
bus 112. In an example embodiment, the in-vehicle data bus
interface and the data bus are a Controller-Area Network
(CAN) interface and a CAN bus, which are designed for
automotive applications. The driver assistance applications
may 1nclude adaptive headlight aiming, adaptive cruise
control, obstruction detection, obstruction avoidance, colli-
s1on avoldance, adaptive shift control, autonomous driving
and others.

The positioning system 104 may utilize GPS-type tech-
nology, a dead reckoning-type system, or combinations of
these or other systems, which are known in the art. The
positioning system may also 1include suitable sensing
devices that measure the traveling distance speed, direction,
orientation, and so on. For example, the positioning system
may include a global positioning system (GPS) and a
gyroscope. The positioning system provides an output signal
to the processor 102. Some of the application software
programs 200 that run on the processor use the output signal
from the positioning system to determine the location,
direction, orientation, etc., of the MPE 116.

The geographic database 106 i1s designed for ADAS
applications. Like a navigation system geographic database,
the geographic database contains data about roads and
intersections 1n a geographic region. For example, the geo-
graphic database contains at least one database record (also
referred to as “entity” or “entry”) for each road segment
(also referred to as a link). The road segment data record
includes data providing clothoid parameters describing the
geometric two dimensional and/or three dimensional shape
of the road. The end points (also referred to as nodes) of the
road segment correspond to the first and last clothoid end
points. When the road segment is represented as one or more
clothoids, the road segment data record includes data, such
as 1n accordance with FIG. 6, that provides the geographic
coordinates, e.g., latitude and longitude, of the clothoid
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end-point coordinates P., P, and the end-point tangent
headings 0 ., 0, and/or the end-point coordinates P, P, and
the end-point curvatures K., K. Although the length L of
cach clothoid curve 1s not required to define the clothoid
since the length may be dernived, the road segment data
record may also include the length in order to potentially
improve the computational performance for ADAS applica-
tions. Even though clothoids are two dimensional curves, the
road segment data record may also include altitude and slope
(when available) at each clothoid end point (or as a con-
tinuous function). Furthermore, since successive clothoids
will share common end point coordinates and possibly
identical headings, curvatures, height and slope, those prop-
erties that are common amongst adjacent clothoids need
only be stored once to save memory. A road segment data
record 1s further described with reference to FIG. 3.

As another example, when the road segment 1s repre-
sented as B-spline or Bezier curve(s), the road segment data
record includes data providing the geographic coordinates
(e.g., the latitude, longitude, and altitude) of control points.
Additionally, the road segment data record may also contain
a knot vector for B-spline geometry. When the road segment
1s represented as shape point geometry, the road segment
data record includes data providing the geographic coordi-
nates (e.g., the latitude, longitude, and altitude) of the end
points of the represented road segment. For curved seg-
ments, the road segment data record also includes data
providing the geographic coordinates (e.g., the latitude,
longitude, and altitude) of the shape points used to charac-
terize the polyline.

In an embodiment in which the map representation main-
tained by the geographic database 106 1s a clothoid repre-
sentation, each road segment 1s represented by one or more
clothoids. In this example embodiment, the clothoid repre-
sentation of the map may be created by a server, rather than
in real-time 1n a vehicle. Alternatively, the map representa-
tion may be an analytical curve, such as a B-spline, that may
be converted 1n real-time or near real-time to a clothoid
representation for ADAS applications.

The geographic database 106 may include higher quality,
that 1s, more accurate, data than the data typically contained
in a navigation system geographic database. For example,
with respect to road geometry, the data in the geographic
database may be more accurate with respect to longitude,
latitude, and/or altitude. Also, the starting and stopping
locations of tunnels may be more accurately specified 1n the
geographic database. Further, the data in the geographic
database may be more accurate with respect to derived
information, such as curvature.

The geographic database 106 may also include more
kinds of data (e.g., more kinds of attributes) than the data
typically contained 1n a navigation system geographic data-
base. For example, the geographic database may include
data about road objects, such as signs and crosswalks,
including their positions along a road segment, sign object
type, and sign text. Some of the data attributes found in the
geographic database are described with reference to FIG. 4.

FIG. 2 15 a block diagram depicting some of the software
applications 200 available to the processor 102. The soft-
ware applications depicted 1n FIG. 2 include a map access
application 202, a map update application 204, a vehicle
positioning application 206, an electronic horizon applica-
tion 208, and an interface application 210. As this 1s not an
exhaustive list of all the software applications available to
the processor, FIG. 2 also depicts other applications 212,
which may include a startup routine, self-test diagnostics,
and so on.
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The map access application 202 provides data access to
the geographic database 106 stored on physical storage
media. The map access application recerves a request for
data from the processor 102 and locates data responsive to
the request on the physical storage media. The map access
application preferably provides an application programming
interface (API) for use by the processor and/or the applica-
tions 200.

The map update application 204 facilitates updates to the
geographic database 106. The communications system 108
receives one or more parcels that either add additional
coverage to an existing database or replace existing parcels.
A parcel 1s a unit of storage for storing geographic data in the
geographic database on physical storage media. For new
parcels, the map update application stores the parcel on the
physical storage media. For existing parcels, the map update
application replaces the old parcel with the new parcel on the
physical storage media.

The vehicle positioning application 206 determines the
vehicle’s position relative to a road network that i1s repre-
sented by data included 1n the geographic database 106. The
vehicle positioming application uses the output from the
positioning system 104 and matches the output to data in the
geographic database using a vehicle positioning algorithm,
which 1s sometimes referred to as a map matching algorithm.

The electronic horizon application 208 determines an
clectronic horizon. An electronic horizon 1s a collection of
roads and intersections leading out from the current vehicle
position to an extent determined by the electronic horizon
application. The collection of roads and intersections are
potential paths that the vehicle may follow from the current
vehicle position. The electronic horizon application deter-
mines extent using one or more costing functions. The
costing functions are based on the needs of the driver
assistance applications 114 and may take into consideration
various lactors, such as vehicle speed, travel time, and
driving distance. An example electronic horizon application
1s described in U.S. Pat. No. 6,405,128, which 1s assigned to
the same assignee as the current application and 1s hereby
incorporated by reference in 1ts entirety.

The mterface application 210 controls communications
between the MPE 116 and the driver assistance applications
114 via the mtertace 110 and the bus 112. In an example
embodiment, the interface application 1s based on the CAN
protocol, which 1s a serial communication protocol for
communicating between various electronic devices in the
vehicle. In accordance with the CAN protocol, the various
clectronic devices 1n the vehicle can be coupled to a single
serial bus (e.g., the bus 112) such that messages and data can
be sent from one electronic device 1n the vehicle to another.
The CAN protocol 1s a message based protocol in which
CAN frames are placed on a common CAN bus. The CAN
bus may be a single wire or a differentially driven pair of
WIres.

FIG. 3 1s a block diagram of a road segment data record
300 from the geographic database 106. The road segment
data record 1ncludes data used to represent a portion of the
road. The data include node data 302, 304 which 1dentify the
end points of the road segment, ¢.g., latitude and longitude,
of the clothoid end-point coordinates P., P, and the end-
point tangent headings 0., 0,. and/or the end-point coordi-
nates P, P, and the end-point curvatures K., K. Although
not shown 1n FIG. 3, the road segment data record may also
optionally include the length L of each clothoid curve.
Further, the road segment data record may also include
altitude and/or slope (when available) at each clothoid end
point. Additionally or alternatively, the altitude and/or slope
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may be stored as a continuous function, such as a function
of using a B-spline or Bezier curve. The data also optionally
includes clothoid parameter data 306, 308 which identify the
same type ol data parameters (at least to the extent that the
data parameters are not duplicative of those stored 1n con-
junction with other nodes) at points between the end points
that can be used to represent the shape of a straight or curved
segment. While the data for two clothoids are shown 1n FIG.
3, 1t 1s understood that a segment can contain more than one
curve and the number of clothoids may depend on the
number and shape of the curves in the segment. The data
turther include attributes 310 for the segment. Some of the
attributes 310 of the segment are depicted i FIG. 4. The
road segment data record may include additional data, such
as shape point data, as well and/or spline representations,
¢.g., B-splines or Bezier curves, as well. In this regard,
spline representations may be three dimensional and may
model continuous height as slope such that different curve
representations may ofler advantages in certain ADAS appli-
cations. For example, Bezier curves can be used to ethi-
ciently (relative to B-splines) create polylines and to com-
pute curvature, slope and heading.

FIG. 4 1s a block diagram of some of the data attributes
310 for a road segment data record 300. The data attributes
depicted in FIG. 4 include segment 1dentification (ID) 402,
clothoid parameters 404, direction of travel 406, speed
category 408, lane category 410, road type 412, segment
characteristics 414 and access characteristics 416. As this 1s
not an exhaustive list of all the data attributes for the road
segment data records, FIG. 4 also depicts other attributes
418. For example, the segment data attributes may also
include references to node data records 1n the form of a node
ID corresponding to end points 302, 304 of the segment.

The segment ID 402 identifies a data record in the
geographic database 106. The clothoid parameters 404 con-
tain bit flags that provide additional information regarding,
clothoids to aid in the creation of curvature and slope
profiles. For example, the clothoid parameters may include
a byte-size flag per clothoid. One of the bits in the flag 1s
assigned to curvature, while another of the bits 1s assigned
to slope. If the curvature bit flag i1s set to one, then the
clothoid 1s marked as part of the curvature profile, such as
to construct a two dimensional representation of the road
geometry. Similarly, if the slope bit flag 1s set to one, then the
clothoid 1s marked as part of the slope profile, such as to
construct a three dimensional representation of the road
geometry.

The direction of travel attribute 406 represents the
allowed direction of tratlic flow on a segment. For example,
the segment may represent a portion of a road network in
which travel 1s permitted in both directions. Alternatively,
the segment may represent a portion of a road network
allowing only one-way travel. The direction of travel attri-
bute 1dentifies whether the segment allows bi-directional
travel or unidirectional travel, and 1f unidirectional, the
direction of travel attribute also 1dentifies the allowed direc-
tion of travel. The speed category attribute 408 represents
the general speed trend of a road based on posted or implied
speed limit. The speed category attribute contains data
associated with a speed range. For example, the speed
category attribute may include a data representation of the
integer 1 for speeds exceeding 80 mph, the mnteger 2 for
speeds 1n the range of 65-80 mph, the mteger 3 for speeds
in the range of 55-64 mph, and so on until the speed range
includes 0 mph.

The lane category attribute 410 represents the predomi-
nant number of lanes on a segment 1n one direction of travel.
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In an example embodiment, the lane category attribute does
not include turn lanes. If the number of lanes 1s different for
cach direction, the lane category attribute may represent the
higher number. The road type attribute 412 represents the
type of road and/or functional class that the segment repre-
sents. For example, the road type attribute may contain data
associated with an interstate highway, a controlled access
highway, a pedestrian walkway, and so on. The segment
characteristic attribute 414 contains bit flags that describe
various characteristics of the segment. For example, the
segment characteristic attribute may identify whether a
segment 1s paved, a ramp, a bridge, a tunnel, a roundabout,
and so on. The access characteristic attribute 416 contains
bit flags that define the types of traflic allowed on the
segment. For example, the access characteristic attribute
may identily whether cars, buses, trucks, taxis, emergency
vehicles, pedestrians, and so on are allowed on the segment.

Referring now to FIG. 5, a flowchart 1s depicted that
illustrates operations performed 1n order to convert an
analytical curve that represents a portion of a road network
to respective clothoids. As shown 1n block 500, the appa-
ratus of an example embodiment includes means, such as the
processor 102 or the like, for determining a plurality of
break-point locations along the analytical curve that repre-
sents a portion of a road network. The analytical curve may
represent a point or polyline road link geometry which has
been converted, such as described by U.S. Pat. Nos. 8,762,
046 and 7,725,424, the contents of which have been incor-
porated 1n their entirety herein, into a plurality of splines,
such as B-splines. However, the analytical curve may be any
of a wide variety of other smooth analytical curves. In order
to determine the break-point locations along the analytical
curve, the apparatus, such as the processor, determines the
plurality of break-point locations dependent upon a curva-
ture profile of the analytical curve so as to define one or more
sections of the analytical curve based upon the break-point
locations.

The break-point locations along the analytical curve
define respective sections of the analytical curve with each
section of the analytical curve extending between a pair of
neighboring break-point locations. In an instance in which
the analytical curve 1s represented by a plurality of splines,
the break-point locations are described by the B-spline (u)
parameter and the arc length along the curve, such as the
length from the beginning of the analytical curve to the
respective break-point location. Once the break-point loca-
tions have been determined, each section of the analytical
curve 1s converted to one or more clothoids, such as a
sequence ol clothoids. In this regard, clothoids are utilized
as transition curves 1n road design and are also known as the
Cornu spiral or Euler’s spiral. Clothoids are two-dimen-
sional parametric curves with a property that their curvature
K(t) 1s a linear function of the arc length s of the curve. Points
on the clothoid are obtained by evaluating the following
Fresnel integrals:

x=C(8), v=S(f) where S(1)=a,’ sin(z*)du, C()=
afy’ cos(u’)du and the arc length s()=ar

An alternate representation of clothoids may be obtained by
transforming the unit clothoid by applying a rotation, trans-
lation and scale factor.

The break-point locations are determined based upon the
linear curvature properties of the clothoids. Since the cur-
vature ol a clothoid varies linearly, including instances in
which the curvature i1s constant and there 1s no change, the
break-point locations may be identified based upon linear
sections in the curvature profile of the analytical curve. As
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described below, the curvature profile of the analytical curve
may therefore be approximated by a polyline with each
vertex and zero-crossing of the polyline becoming a break-
point, thereby yielding a sequence of break-point parameters
Uq, Uy, . . . U, 1n the range uv=[0, u_ .| that determine a start
and end-point of each clothoid along the spline curve. The
start and end of the spline curve, that 1s, u=0 and u=u_,__, are
implicit break-points. The clothoid parameters that, in turn,
define the sequence of clothoids are determined from the
analytical curve at each break-point location including the
implicit break-point locations at the beginning and the end
of the analytical curve. As such, the apparatus, such as the
processor 102, 1s configured to determine the plurality of
break-point locations 1n a manner that 1s dependent upon the
curvature profile of the analytical curve, thereby defining
one or more sections of the analytical curve based upon the
break-point locations.

As noted above, the apparatus, such as the processor 102,
then converts the sections of the analytical curve to respec-
tive clothoids, such as by determining clothoid parameters at
the break-point locations based upon corresponding param-
cters of the analytical curve. For example, the clothoid
parameters that are determined from the break-point loca-
tions along the analytical curve include the clothoid arc
length L of a respective clothoid, the end-point coordinates
ol a respective clothoid including start-point coordinates P
and the end-point coordinates P, and either the end tangent
headings of the respective clothoid, such as the tangent
heading 0. at the start-point of the respective clothoid and
the tangent heading at the end-point of the 0, at the end-
point of the respective clothoid or the end curvatures of the
respective clothoid including the end curvature k. at the
start-point of the respective clothoid and the end curvature
K at the end-point of the respective clothoid.

In other words 1n an instance 1 which the clothoid 1s
determined based upon the end-point coordinates and end
tangent headings, the apparatus, such as the processor 102,
1s configured to convert one or more sections of an analytical
curve to a respective clothoids and includes means, such as
the processor or the like, for determining coordinates of the
analytical curve at the start break-point and the end break-
point, means, such as the processor or the like, for deter-
mimng tangent headings of the analytical curve at the start
break-point and the end break-point and means, such as the
processor or the like, for determining the respective clothoid
based upon the coordinates and the tangent headings of the
analytical curve at the start break-point and the end break-
point. See blocks 502, 504 and 506 of FIG. 5. Alternatively,
in an instance i which the apparatus, such as the processor,
1s configured to convert one or more sections of an analytical
curve to respective clothoids utilizing end-point coordinates
and end curvatures, the apparatus includes means, such as
the processor or the like, for converting one or more sections
of the analytical curve to respective clothoids that includes
means, such as the processor or the like, for determining
coordinates of the analytical curve at the start break-point
and the end break-point, means, such as the processor or the
like, for determining curvatures of the analytical curve at the
start break-point and the end break-point and means, such as
the processor or the like, for determining the respective
clothoid based upon the coordinates and the curvatures of
the analytical curve at the start break-point and the end
break-point. In either instance, the apparatus, such as the
processor, 1s configured to repeat the foregoing process for
cach section of the analytical curve as shown 1n block 508.

By way of example, a portion of an analytical curve 1s
presented in FIG. 6. Three break-point locations have been
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determined along the portion of the analytical curve, thereby
defining two clothoids with clothoid, extending from a first
start-point 1S to a first end-point 1E and a second clothoid
extending from a second start-point 2S5, coincident with the
first end-point 1E, to a second end-point 2E. The apparatus,
such as the processor 102, of an example embodiment 1s
coniigured to convert each section of the analytical curve to
a respective clothoid utilizing either the end-point coordi-
nates P., P, and the end tangent headings 0., 0, or the
end-point coordinates P., P, and the end curvatures K, K.
In an mstance in which the end tangent headings are utilized,
a sequence of clothoids that have matching headings at the
junctions, such as the break-point locations, 1s generated,
albeit with a potential slight curvature discontinuity at the
junctions. However, reliance upon the end curvatures will
generate a sequence of clothoids with matching curvatures at
the junctions, such as the break-point locations, but with
potential slight heading discontinuities at the junctions.

In order to convert the sections of the analytical curve to
respective clothoids, the apparatus, such as the processor
102, determines the analytical curve properties at the break-
point locations. Break-point locations that are closer
together will generally permait clothoids to be generated that
more closely match the underlying analytical curve relative
to break-point locations that are further spaced from one
another. For a section of an analytical curve that extends
from a break-point location u , to a break-point location ug,
the respective clothoid may be determined as follows:
Clothoid=t(P ,, Pz, 0 ,, 8) for a clothoid based upon end-
point coordinates and end tangent headings or Clothoid=f
(P,, Ps, ¥ ,, Kz) for a clothoid based upon end-point coor-
dinates and end curvatures. In either 1instance, 1n an
embodiment 1n which the analytical curve 1s represented by
a non-umiform cubic B-spline, the corresponding B-spline
properties may be determined by the processor as follows:
P ,=Spline point (u ,), P,=Spline point (uz), 0 ,=Spline head-
ing (u,), 0,=Spline heading (uz). Thus, one or more sections
of an analytical curve may be efliciently and reliably con-
verted to respective clothoids, such as for utilization in
conjunction with map displays and to support ADAS capa-
bilities.

Referring now to FIG. 7, a more detailed flowchart of the
operations performed 1n order to convert an analytical curve
to a sequence of clothoids 1s depicted. As described above,
the analytical curve 1s representative of a portion of a road
network. As also described above, the analytical curve may
be mathematically represented 1n various manners including
as a B-spline curve. In this regard, FIG. 8 depicts a portion
ol a road network as represented by an analytical curve 800
and, more particularly, by a B-spline curve, that extends
from the beginning 802 of the link to the end 804 of the link.

As shown 1n block 700 of FIG. 7a, the apparatus includes
means, such as the processor 102 or the like, for determining
a curvature profile defining a curvature of the analytical
curve at a respective arc length. In this regard, a curvature
profile 1s a sequence of curvature values along the curve with
corresponding arc length values, as measured from the
beginning 802 of the link, for example. The curvature profile
1s therefore an ordered array of [curvature, arc length] value
pairs. For example, a curvature profile may be represented as
tollows: [(k, s),, (K, s), . . . (K, s),]. FIG. 9 depicts an
example of the curvature profile along a portion of the
analytical curve representative of the road network of FIG.
8 with the curvatures being sampled with equal spacing,
such as every one meter, along the analytical curve. In the
curvature profile of FIG. 9, the vertical axis denotes the
curvature magmtude [1/m] with units in 1/radius as mea-
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sured 1n 1/meters and the horizontal x-axis represents the arc
length, such as the road length in meters, from the beginning
of the analytical curve to the end of the analytical curve.

As shown 1n block 702 of FIG. 7a, the apparatus of this
example embodiment also includes means, such as the
processor 102 or the like, for identilying one or more
zero-crossings in the curvature profile so as to define curves
therebetween. In this regard, each curve 1s defined between
a pair of neighboring zero-crossings as identified from the
curvature profile. The zero-crossings are identified so as to
permit the curvature profile to be more accurately linearized,
such as with polylines. As such, the zero-crossings permit
cach curve in the road to be separately 1dentified and then to
be separately processed as desired as a result of the loga-
rithmic scale of curvature. In this regard, since curvature
varies from zero for straight sections to positive or negative
infinity, a curvature segmentation threshold 1s established
for each curve as described below.

In an example embodiment, the zero-crossings of the
curvature proifile are identified 1n an instance in which the
sign ol the curvature changes in the curvature profile at
location 1, such as by changing from one point (K, s), along
the curvature profile to the next point (x, s),.,. The appa-
ratus, such as the processor, of an example embodiment then
identifies the zero-crossing u as the linear inter-

ZeF¥O_CFOSSING

section between (K, s,u),, (K, s,u),., and k=0 as follows:

I+1

Uzero crossing — Wi T (Ui —u;) where
Kj

(K; — Kiv1)

f =

The apparatus, such as the processor 102, of this example
embodiment 1s also configured to determine the arc length
for the zero-crossings, such as from the beginning 802 of the
analytical curve 800 as follows:

Szera_crass i1 g:"gi +I(SI' +1 757 )

In this regard, FIG. 10 depicts a portion of the curvature
profile 1000 of FIG. 9 with the zero-crossings 1002, that 1s,
the points at which the curvature profile crosses the x-axis
being circled. FIG. 10 also depicts the corresponding portion
of the spline curve 1004 with linear extensions 1006 extend-
ing perpendicular from the spline curve at each of a plurality
of locations. The length of each extension 1s representative
of the curvature at the respective location and the direction
in which each extension extends indicates whether the
curvature 1s positive or negative. In this regard, the linear
extensions extending to one side of the spline curve are
representative of the locations along the analytical curve that
have a positive curvature and the linear extensions to the
opposite side of the spline curve are representative of
locations having a negative curvature. The zero-crossing
locations are also 1dentified along the spline curve. Between
cach pair of neighboring zero-crossings, a diflerent curve
section 1s defined.

The apparatus of an example embodiment also includes
means, such as the processor 102 or the like, for determin-
ing, for each curve section identified between respective
zero-crossings 1002 of the curvature profile 1000, whether
the curve section 1s straight. See block 704. In an mstance in
which a curve section 1s determined to be straight, the
respective curve need not be further approximated with
polylines, as will be described below for curves that are not
straight sections. Instead, the apparatus, such as the proces-
sor, 1s configured to create a straight curvature line for the
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straight curve section, as shown 1n block 706. In an example
embodiment, the apparatus, such as the processor, 1s con-
figured to determine 1f a curve section 1s a straight section
based upon the subtended angular arc of the curve section.
In this regard, the apparatus, such as the processor, i1s
configured to determine whether a subtended angular arc
(based on the average curvature of the curve section) 1s
within a predefined threshold of a chord of the curve section.
While the predefined threshold may have various values, the
predefined threshold of one example embodiment 1s 0.15
meters. The apparatus, such as the processor, of this example
embodiment 1s configured to 1dentify the curve to be straight
in an instance in which the subtended angular arc of the
curve 1s within the predefined threshold of the chord of the
curve. In an 1nstance 1n which the curve section 1s 1dentified
to be straight, the apparatus, such as the processor, 1s
configured to create a straight curvature profile line, such as
a straight polyline, extending from the zero-crossings at the
beginning and end of the curve section prior to proceeding
with the analysis of the next curve section.

In an 1nstance 1n which a curve section is not identified to
be straight, the apparatus of an example embodiment may
include means, such as the processor 102 or the like, for
determining 11 the respective curve section includes one or
more kinks, such as a sharp corner with only CO disconti-
nuity, and, 1f so, to split the curve at the kink location ito
curve sections, thereby ensuring that one clothoid will end
at the location of the kink and a next clothoid will begin at
the location of the kink. See blocks 708 and 710 of FIG. 7a.
Kinks may be determined in various manners, but the
location of a kink along a curve section may be 1dentified 1n
an imstance i which the curve section 1s a cubic non-
uniform B-spline by a knot multiplicity of three at the
respective location. In an instance i which a kink 1s
identified, the curve section 1s split into two or more curve
sections at the kink location. By splitting the curve into
curve sections at the kink and ensuring that each curve
section will be converted to one or more respective clothoids
such that one clothoid ends at the location of the kink and
another clothoid begins at the location of the kink, the
resulting clothoids will more accurately represent the ana-
lytical curve at the location of the kink.

As shown 1n blocks 712 and 714 of FIG. 7a, the apparatus
of an example embodiment also includes means, such as the
processor 102 or the like, for determiming 11 a curve section
1s multi-modal and, 1f so, splitting the multi-modal curve
into 1ndividual curve sections. Multi-modal curve sections
represent curves 1n a road that have two or more curvature
peaks. In order to more accurately represent the multi-modal
curve section with clothoids, each curve of the multi-modal
curve section 1s treated as an individual curve section with
a separate maximum curvature value. By way of example,
FIG. 11 depicts a portion of a curvature profile 1000 having
two or three multi-modal peaks 1100 depending upon the
sensitivity threshold with which separate curvature peaks are
identified. FIG. 11 also depicts a portion of the analytical
curve 1102 representative of the portion of the road network
that extends between end points 1104 and 1106. The ana-
lytical curve of FIG. 11 also includes extensions 1006
extending perpendicular to the analytical curve with the
length of the extensions representative of the curvature
values at different locations along the analytical curve.
These extensions similarly illustrate the multi-modal nature
of the portion of the curve.

The apparatus of this example embodiment therefore
includes means, such as the processor 102 or the like, for
identifying a curve to be multi-modal. See block 712 of FIG.
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7a. The apparatus, such as the processor, may i1dentily a
curve to be multi-modal 1n various manners including by
statistical methods, such as clustering techniques, or ana-
lytically. For example, the apparatus, such as the processor,
of an embodiment identifies a curve to be multi-modal based
on an analysis of the intersection of the curvature profile
lines and, more particularly, by determining 11 the extension
of any curvature profile line intersects the x-axis between 1ts
zero-crossings 1002. In an instance imn which a curvature
profile line intersects the x-axis of the curvature profile
between 1ts zero-crossings, a multi-modal curve 1s 1dentified.
The apparatus of this example embodiment also includes
means, such as the processor or the like, for splitting the
multi-modal curve into two or more curve sections. See
block 714 of FIG. 7a. For example, 1n an instance 1 which
a curve section 1s 1dentified to be multi-modal as a result of
a curvature profile line mtersecting the horizontal x-axis of
the curvature profile between the zero-crossings, the appa-
ratus, such as the processor, 1s configured to split the curve
section at that point, that 1s, the point having an arc length
s value where a curvature profile line intersects the x-axis.
In another example, the curvature profile 1s split at the arc
length location corresponding to the midpoint between the
curvature peaks. Other ways of splitting the curve section to
separate curvature peaks are also possible. The apparatus,
such as the processor, may be configured to repeat this
process recursively until a multi-modal curve has been split
into curve sections such that none of the resulting curve
sections are multi-modal.

As shown 1n block 716 of FIG. 7a, the apparatus of an
example embodiment also includes means, such as the
processor 102 or the like, for determining a line approxi-
mation threshold based on the maximum curvature. In this
regard, for each curve section, the apparatus, such as the
processor, 1s configured to determine the line approximation
threshold based on the maximum curvature K,,,, of the
respective curve section. The line approximation threshold
1s determined based on the maximum curvature K,,, - of
cach respective curve section since a fixed or predefined line
fit threshold 1s generally not able to be utilized for the entire
analytical curve, such as an entire spline due, to the loga-
rithmic nature of curvature. In an example embodiment, the
apparatus, such as the processor, 1s configured to define the
line approximation threshold T to be proportional to the
maximum curvature K,,,. of each curve section, such as
follows: T=EK,, s~ In this example embodiment, the thresh-
old scaling parameter & may vary depending on road attri-
butes, such as functional class. Alternatively, a fixed or
predefined threshold scaling parameter & may be utilized.

For those curve sections that have not been identified to
be straight, the apparatus of an example embodiment also
includes means, such as the processor 102 or the like, for
approximating the curvature profile of a curve section with
a polyline and, consequently, for approximating the curva-
ture profile of the curve with a plurality of polylines. See
block 718 of FIG. 7a. A curvature profile may be approxi-
mated with polylines i various manners. However, the
apparatus, such as the processor, of an example embodiment
utilizes a recursive Douglas-Peuker line simplification tech-
nique, using a maximum error split location, to approximate
the curvature profile. The Douglas-Peuker line simplifica-
tion technique approximates the curvature profile for a curve
section recursively until all polyline segments are within a
specified tolerance T, such as described above.

In this regard, FIG. 12 depicts the curvature profile 1000
for a portion of a curve and the polylines 1202 created by the
Douglas-Peuker line simplification technmique. As shown,

10

15

20

25

30

35

40

45

50

55

60

65

18

polyline vertices V are identified at the intersection of
adjacent polylines and the vertices, along with the zero-
crossings 1002, comprise the break-point locations that
serve as the start-point and the end-point of each respective
clothoid curve. Thus, the apparatus of an example embodi-
ment 1ncludes means, such as the processor 102 or the like,
for determining the break-point locations based upon verti-
ces and zero-crossings of the plurality of polylines with
which the curvature profile of the curve has been approxi-
mated.

As shown 1n blocks 720 and 722 of FI1G. 7a, the foregoing
process ol determining the break-point locations of a cur-
vature profile and then approximating the curvature with
polylines 1s repeated for each curve section. With reference
to block 724 and 726 of FIG. 7b, the apparatus of an example
embodiment includes means, such as the processor 120 or
the like, for determining if adjacent polylines should be
merged and, 1f so, then merging some of the adjacent
polylines so as to filter out intervening break-points and
permitting the adjacent curve sections that have been
merged to be eflectively represented by a single clothoid. By
way of example, the apparatus, such as the processor, of an
example embodiment 1s configured to eliminate break-
points and therefore merge adjacent curve sections 1 an
instance 1 which the curvature of a polyline across a
zero-crossing 1002 changes linearly or approximately lin-
carly, such as within a predefined linearity threshold, thereby
permitting the zero-crossing vertex to be eliminated. As
another example, the apparatus, such as the processor, may
be configured to eliminate break-points for two or more
adjacent straight sections the vertex between the adjacent
straight sections being eliminated as a result of the merger
of the adjacent straight sections. By merging adjacent curve
sections, unnecessary clothoids may be eliminated such that
the resulting conversion process 1s more eflicient.

By way of example, FIG. 13 depicts the polylines 1202
with which a portion of the curvature profile 1000 1s
approximated. A break-point otherwise defined by a zero-
crossing 1002 as shown in FIG. 12 has been filtered as
shown at 1300 since the curvature changed only linearly at
the zero-crossing. In other words, the polyline to the left and
the right of the zero-crossing vertex had very similar, 1f not
identical slopes. Since clothoids have linear curvature with
respect to arc length and therefore correspond to the
polylines 1 FIG. 13, the polyline segments to the left and
right of the zero-crossing were merged mto a single line
segment at 1300 so as to allow a single clothoid to span
across the zero-crossing.

While various criteria may be defined with respect to the
merging of polylines and the filtration of break-points,
break-points are filtered 1n an example embodiment 1n an
instance i which the resulting clothoids are short, such as
by having a length less than three meters, the resulting
clothoids are practically straight, such as clothoids having a
radius greater than 10,000 meters, and the clothoids have
similar o parameter values, such as defined by s(t)=at as
defined above.

Following the merging of adjacent polylines and the
filtration of break-points, the resulting appr0x1mat10n of the
curvature profile of FIG. 9 1s depicted 1in FIG. 14. In this
example embodiment, each vertex V 1s represented by a
circle. Fach vertex and zero-crossing 1002 1s correspond-
ingly representative of a break-point location that defines the
sections of the analytical curve that, 1n turn, are converted to
respective clothoids. In this regard, each pair of adjacent
vertices, such as a vertex V or a zero-crossing vertex, at
opposite ends of a respective polyline define the break-point
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locations that serve as the start and end locations of a
clothoid. The vertices are shared between each successive
clothoid such that the end break-point location of one
clothoid 1s the start break-point location of the successive
clothoid. By way of example, FIG. 15 depicts the analytical
curve 800, such as the spline, representative of the portion
of the road network between a beginning point 802 and an
end point 804 with the break-point locations 1500, that 1is,
the vertices and the zero-crossings, identified by circles
along the analytical curve. FIG. 15 also depicts the approxi-
mation of the curvature profile with the polylines 1202 and
corresponding vertices 1n graphical form.

As described above, each vertex of the curvature profile
line approximation 1s associated with an arc length location
along the underlying curve, such as measured from the start
at the analytical curve. As described above, the apparatus
also includes means, such as the processor 102 or the like,
for converting each section of the analytical curve to a
respective clothoid. See block 728 of FIG. 75. In this regard
and as described above, each curve section may be con-
verted based upon the coordinates of the analytical curve at
the start break-point and the end break-point as well as one
of the tangent headings of the analytical curve at the start
break-point and the end break-point or the curvatures of the
analytical curve at the start break-point and the end break-
point. See blocks 502, 504 and 506 of FIG. 5.

In some embodiments, the apparatus, such as the proces-
sor 102, 1s also configured to compare the shape and
positional closeness between the resulting clothoid and the
underlying analytical curve in order to determine 1t the
respective clothoid sufliciently represents the curve section
of the underlying analytical curve. In an example embodi-
ment, the apparatus, such as the processor, 1s configured to
determine curve properties ol the clothoid and the corre-
sponding curve section of the underlying analytical curve.
For example, the apparatus, such as the processor, may be
configured to sample points on the clothoid, such as points
spaced apart at a predefined interval, e.g., one meter, and to
project the same points onto the curve section, such as the
B-spline of the underlying analytical curve. The apparatus,
such as the processor, of this example embodiment 1s
configured to compare the curve properties, such as curva-
ture, heading, distance, etc. at each point. If the curve
properties of the clothoid deviate from the corresponding
properties of the curve section of the underlying analytical
curve by more than a predefined tolerance, the respective
curve section 1s split 1nto two or more curve subsections,
such as by splitting the respective curve section 1n two by the
insertion ol an additional break-point location at the mid-
point location of the respective curve section or at the
location at which the maximum error between the curve
properties occurs. See blocks 730 and 732 of FIG. 75. Once
the curve section has been split into curve subsections, the
apparatus, such as the processor, 1s configured to convert
cach curve subsection mto a clothoid that more accurately
represents the respective curve subsections. See block 734
of FIG. 7b. The apparatus, such as the processor, may be
configured to repeat this process recursively until the curve
properties ol each clothoid are within the predefined toler-
ance of the respective curve section or subsection. As shown
in block 736 of FIG. 75, the apparatus, such as the processor,
the memory 105 or the like, 1s configured to store each
clothoid, such as each clothoid that 1s determined to be
within the predefined tolerance of the respective curve
section.

As described above, the analytical curve representative of
a portion of a road network may be efliciently and accurately
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converted 1nto respective clothoids, such as for use by a map
display or for supporting ADAS capabilities. By utilizing
clothoids, the performance of the map display or the ADAS
capabilities may be improved, such as i terms of the
elliciency of operation.

As described above, a two dimensional road geometry
may be represented by a sequence of clothoids. In an
example embodiment, however, the method and apparatus 1s
additionally configured to provide a representation of a three
dimensional road segment. In this example embodiment, a
first sequence of clothoids could be constructed as described
above to represent the two dimensional map geometry, while
a second sequence of clothoids could be constructed to
represent the altitude dimension associated with the road
segment, that 1s, to represent the height of the road segment
as a function of arc-length along the two dimensional
representation of the road geometry.

FIGS. 5, 7a and 75 1llustrate flowcharts of an apparatus,
method and computer program product according to
example embodiments of the invention. It will be under-
stood that each block of the flowcharts, and combinations of
blocks 1n the flowcharts, may be implemented by various
means, such as hardware, firmware, processor, circuitry,
and/or other communication devices associated with execu-
tion of soitware including one or more computer program
istructions. For example, one or more of the procedures
described above may be embodied by computer program
instructions. In this regard, the computer program instruc-
tions which embody the procedures described above may be
stored by a memory device 105 of an apparatus employing
an embodiment of the present invention and executed by a
processor 102 of the apparatus. As will be appreciated, any
such computer program instructions may be loaded onto a
computer or other programmable apparatus (for example,
hardware) to produce a machine, such that the resulting
computer or other programmable apparatus implements the
functions specified 1n the flowchart blocks. These computer
program 1nstructions may also be stored 1mn a computer-
readable memory that may direct a computer or other
programmable apparatus to function in a particular manner,
such that the instructions stored in the computer-readable
memory produce an article of manufacture the execution of
which implements the function specified in the flowchart
blocks. The computer program instructions may also be
loaded onto a computer or other programmable apparatus to
cause a series of operations to be performed on the computer
or other programmable apparatus to produce a computer-
implemented process such that the instructions which
execute on the computer or other programmable apparatus
provide operations for implementing the functions specified
in the flowchart blocks.

Accordingly, blocks of the flowcharts support combina-
tions of means for performing the specified tunctions and
combinations of operations for performing the specified
functions for performing the specified functions. It will also
be understood that one or more blocks of the flowcharts, and
combinations of blocks in the flowcharts, can be 1mple-
mented by special purpose hardware-based computer sys-
tems which perform the specified functions, or combinations
of special purpose hardware and computer instructions.

In some embodiments, certain ones ol the operations
above may be modified or further amplified. Furthermore, 1n
some embodiments, additional optional operations may be
included, some of which have been described above. Modi-
fications, additions, or amplifications to the operations above
may be performed in any order and 1n any combination.
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Many modifications and other embodiments of the inven-
tions set forth herein will come to mind to one skilled 1n the
art to which these inventions pertain having the benefit of the
teachings presented 1n the foregoing descriptions and the
associated drawings. Therefore, it 1s to be understood that
the inventions are not to be limited to the specific embodi-
ments disclosed and that modifications and other embodi-
ments are mtended to be mcluded within the scope of the
appended claims. Moreover, although the foregoing descrip-
tions and the associated drawings describe example embodi-
ments 1n the context of certain example combinations of
clements and/or functions, 1t should be appreciated that
different combinations of elements and/or functions may be
provided by alternative embodiments without departing
from the scope of the appended claims. In this regard, for
example, different combinations of elements and/or func-
tions than those explicitly described above are also contem-
plated as may be set forth 1n some of the appended claims.
Although specific terms are employed herein, they are used
in a generic and descriptive sense only and not for purposes
of limitation.

That which 1s claimed:

1. A method comprising:

determining a plurality of break-point locations along an
analytical curve that represents a portion of a road
network, wherein determining the plurality of break-
point locations comprises determining a curvature pro-
file defining a curvature of the analytical curve at a
respective arc length by approximating the curvature
profile of a curve with a plurality of polylines, 1denti-
fying one or more Zzero-crossings in the curvature
profile so as to define curves therebetween and deter-
mining the plurality of break-point locations dependent
upon vertices and the zero crossings of the plurality of
polylines that approximate the curvature profile of the
analytical curve so as to define one or more sections of
the analytical curve based upon the break-point loca-
tions;

converting one or more sections of the analytical curve to

respective clothoids; and

using the respective clothoids by a map display or to

support an advanced driver assistance system (ADAS).

2. A method according to claim 1 wherein converting one
or more sections of the analytical curve to respective
clothoids comprises:

for a section of the analytical curve having a start break-

point and an end break-point, determining coordinates
of the analytical curve at the start break-point and the
end break-point;
determining tangent headings of the analytical curve at
the start break-point and the end break-point; and

determining the respective clothoid based upon the coor-
dinates and the tangent headings of the analytical curve
at the start break-point and the end break-point.

3. A method according to claim 1 wherein converting one
or more sections of the analytical curve to respective
clothoids comprises:

for a section of the analytical curve having a start break-

point and an end break-point, determining coordinates
of the analytical curve at the start break-point and the
end break-point;

determining curvatures of the analytical curve at the start

break-point and the end break-point; and

determining the respective clothoid based upon the coor-

dinates and the curvatures of the analytical curve at the
start break-point and the end break-point.
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4. A method according to claim 1 further comprising;:
determiming whether a subtended angular arc of a curve of
the curvature profile 1s within a predefined threshold of
a chord of the curve; and

identifying the curve to be straight 1n an 1nstance in which
the subtended angular arc of the curve 1s within the
predefined threshold of the chord of the curve.

5. A method according to claim 1 further comprising:

identifying one or more kinks 1n a curve; and

splitting the curve 1nto two or more curve sections at the

kink.

6. A method according to claim 1 further comprising:

identifying a curve to be multi-modal; and

splitting the multi-modal curve into two or more curve

sections.

7. An apparatus comprising at least one processor and at
least one memory including computer program code, the at
least one memory and computer program code configured
to, with the processor, cause the apparatus to at least:

determine a plurality of break-point locations along an

analytical curve that represents a portion of a road
network, wherein determining the plurality of break-
point locations comprises determining a curvature pro-
file defining a curvature of the analytical curve at a
respective arc length by approximating the curvature
profile of a curve with a plurality of polylines, 1denti-
fying one or more zero-crossings in the curvature
profile so as to define curves therebetween and deter-
mining the plurality of break-point locations dependent
upon vertices and the zero crossings of the plurality of
polylines that approximate the curvature profile of the
analytical curve so as to define one or more sections of
the analytical curve based upon the break-point loca-
tions;

convert one or more sections of the analytical curve to

respective clothoids; and

provide the respective clothoids for use by a map display

or to support an advanced driver assistance system
(ADAS).

8. An apparatus according to claim 7 wherein the at least
one memory and the computer program code are configured
to, with the processor, cause the apparatus to convert one or
more sections of the analytical curve to respective clothoids
by:

for a section of the analytical curve having a start break-

point and an end break-point, determining coordinates
of the analytical curve at the start break-point and the
end break-point;
determining tangent headings of the analytical curve at
the start break-point and the end break-point; and

determining the respective clothoid based upon the coor-
dinates and the tangent headings of the analytical curve
at the start break-point and the end break-point.

9. An apparatus according to claim 7 wherein the at least
one memory and the computer program code are configured
to, with the processor, cause the apparatus to convert one or
more sections of the analytical curve to respective clothoids
by:

for a section of the analytical curve having a start break-

point and an end break-point, determining coordinates
of the analytical curve at the start break-point and the
end break-point;

determining curvatures of the analytical curve at the start

break-point and the end break-point; and

determining the respective clothoid based upon the coor-

dinates and the curvatures of the analytical curve at the
start break-point and the end break-point.
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10. An apparatus according to claim 7 wherein the at least
one memory and the computer program code are further
configured to, with the processor, cause the apparatus to:
determine whether a subtended angular arc of a curve of
the curvature profile 1s within a predefined threshold of
a chord of the curve; and

identify the curve to be straight in an instance in which the
subtended angular arc of the curve 1s within the pre-
defined threshold of the chord of the curve.

11. An apparatus according to claim 7 wherein the at least
one memory and the computer program code are further
configured to, with the processor, cause the apparatus to:

identify one or more kinks in a curve; and

split the curve 1nto two or more curve sections at the kink.

12. An apparatus according to claim 7 wherein the at least
one memory and the computer program code are further
configured to, with the processor, cause the apparatus to:

identify a curve to be multi-modal; and

split the multi-modal curve into two or more curve

sections.

13. A computer program product comprising at least one
non-transitory computer-readable storage medium having,
computer-executable program code portions stored therein,
the computer-executable program code portions comprising,
program code instructions configured to:

determine a plurality of break-point locations along an

analytical curve that represents a portion of a road
network, wherein determining the plurality of break-
point locations comprises determining a curvature pro-
file defining a curvature of the analytical curve at a
respective arc length by approximating the curvature
profile of a curve with a plurality of polylines, 1denti-
fying one or more Zzero-crossings in the curvature
profile so as to define curves therebetween and deter-
mining the plurality of break-point locations dependent
upon vertices and the zero crossings of the plurality of
polylines that approximate the curvature profile of the
analytical curve so as to define one or more sections of
the analytical curve based upon the break-point loca-
tions;

convert one or more sections of the analytical curve to

respective clothoids; and

provide the respective clothoids for use by a map display

or to support an advanced driver assistance system
(ADAS).

14. A computer program product according to claim 13
wherein the program code 1nstructions configured to convert
one or more sections ol the analytical curve to respective
clothoids comprise program code instructions configured to:
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for a section of the analytical curve having a start break-
point and an end break-point, determine coordinates of
the analytical curve at the start break-point and the end
break-point;
determine tangent headings of the analytical curve at the
start break-point and the end break-point; and

determine the respective clothoid based upon the coordi-
nates and the tangent headings of the analytical curve
at the start break-point and the end break-point.

15. A computer program product according to claim 13
wherein the program code nstructions configured to convert
one or more sections of the analytical curve to respective
clothoids comprise:

for a section of the analytical curve having a start break-

point and an end break-point, determine coordinates of
the analytical curve at the start break-point and the end
break-point;

determine curvatures of the analytical curve at the start

break-point and the end break-point; and

determine the respective clothoid based upon the coordi-

nates and the curvatures of the analytical curve at the
start break-point and the end break-point.
16. An apparatus according to claim 7 embodied by a map
and positioning engine (MPE) or the ADAS.
17. A computer program product according to claim 13
embodied by a map and positioning engine (MPE) or the
ADAS.
18. A computer program product according to claim 13
wherein the computer-executable program code portions
further comprise program code instructions configured to:
determine whether a subtended angular arc of a curve of
the curvature profile 1s within a predefined threshold of
a chord of the curve; and

1dentily the curve to be straight 1n an instance 1n which the
subtended angular arc of the curve 1s within the pre-
defined threshold of the chord of the curve.

19. A computer program product according to claim 13
wherein the computer-executable program code portions
turther comprise program code instructions configured to:

identily one or more kinks 1n a curve; and

split the curve 1into two or more curve sections at the kink.

20. A computer program product according to claim 13
wherein the computer-executable program code portions
further comprise program code instructions configured to:

identity a curve to be multi-modal; and

split the multi-modal curve into two or more curve

sections.
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